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Abstract. In the analyses of VOC ﬂuxes measured above
plant canopies, one usually assumes the ﬂux above canopy
to equal the exchange at the surface. Thus one assumes
the chemical degradation to be much slower than the tur-
bulent transport. We used a stochastic Lagrangian transport
model in which the chemical degradation was described as
ﬁrst order decay in order to study the effect of the chemi-
cal degradation on above canopy ﬂuxes of chemically reac-
tive species. With the model we explored the sensitivity of
the ratio of the above canopy ﬂux to the surface emission
on several parameters such as chemical lifetime of the com-
pound, friction velocity, stability, and canopy density. Our
results show that friction velocity and chemical lifetime af-
fected the loss during transport the most. The canopy den-
sity had a signiﬁcant effect if the chemically reactive com-
pound was emitted from the forest ﬂoor. We used the results
of the simulations together with oxidant data measured dur-
ing HUMPPA-COPEC-2010 campaign at a Scots pine site to
estimate the effect of the chemistry on ﬂuxes of three typical
biogenicVOCs,isoprene,α-pinene,andβ-caryophyllene.Of
these, the chemical degradation had a major effect on the
ﬂuxes of the most reactive species β-caryophyllene, while
the ﬂuxes of α-pinene were affected during nighttime. For
these two compounds representing the mono- and sesquiter-
penes groups, the effect of chemical degradation had also
a signiﬁcant diurnal cycle with the highest chemical loss at
night. The different day and night time loss terms need to be
accounted for, when measured ﬂuxes of reactive compounds
are used to reveal relations between primary emission and
environmental parameters.
1 Introduction
While micrometeorological ﬂux measurement techniques are
commonly used to measure exchange of e.g. carbon dioxide,
water vapour and methane between ecosystems and atmo-
sphere, they are also applied to an increasing degree to the
emissions of chemically reactive species, such as volatile or-
ganic compounds (VOC), from different ecosystems (Fowler
et al., 2009; Kesselmeier et al., 2009; Rinne et al., 2009).
These above canopy ﬂuxes are also used to infer functional
dependencies of VOC emissions on environmental parame-
ters such as temperature and solar radiation (e.g. Rinne et al.,
2002; H¨ ortnagl et al., 2011; Taipale et al., 2011). When inter-
preting the measured ﬂuxes of e.g. VOCs, the chemical life-
time of a compound is commonly assumed to be much longer
than the transport time leading to correspondence of mea-
sured ﬂux and surface exchange. However, there are com-
pounds emitted by e.g. vegetation with lifetimes comparable
to the transport time, such as β-caryophyllene, a sesquiter-
pene. The chemical degradation of these compounds below
the ﬂux measurement level can lead to a signiﬁcantly lower
measured ﬂux as compared to the actual emission from the
vegetation surfaces (Ciccioli et al., 1999).
Commonly, the Damk¨ ohler number (Damk¨ ohler, 1940)
has been used to assess the potential importance of atmo-
spheric chemistry on ﬂuxes. The Damk¨ ohler number is the
ratio of the time scale of turbulent mixing to the chemical
lifetimeofacompound.Thus,thelargertheDamkohlernum-
ber is, the more likely is it for the chemical degradation to
cause signiﬁcant reduction to above canopy ﬂuxes. However,
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this approach can only be used to classify the situation in a
semi-quantitative way as it does not yield quantitative value
for the ﬂux loss due to the chemical degradation. Further-
more, it is not clear whether the simple estimates of mixing
time-scale applies to deep and dense canopies, as friction ve-
locity that is determined for a height above canopy may not
be a proper scaling parameter for within and below-canopy
turbulence (e.g. Launiainen et al., 2005). Models with de-
tailed descriptions of turbulent transport and chemistry in
the atmospheric surface layer, which could be used to assess
the problem already exist (Boy et al., 2011). However, these
models often utilize K-theory (see e.g. Stull, 1988) for mix-
ing the chemical species and thus they may not describe the
mixing within and below canopy in an appropriate way.
Stochastic Lagrangian models of turbulent transport in the
atmospheric surface layer have been previously applied for
estimation ofﬂux footprint functions(e.g. Vesala etal., 2008;
Rannik et al., 2012). In these models air parcels are released
from a certain level within the vegetation and their path is
followed as they are transported by both the mean horizontal
wind and the turbulent ﬂuctuations. The distribution of hori-
zontal distances from the release to transport across measure-
ment level yields the footprint function. The mean wind and
turbulence proﬁles are typically constrained and are based
either on observations or on numerical simulations.
More recently the stochastic Lagrangian transport models
have been applied to study the effect of the chemical degra-
dation on above canopy ﬂuxes of volatile organic compounds
emittedbyvegetation(Strongetal.,2004;Rinneetal.,2007).
In this approach the initial concentration of a reactive com-
pound in each air parcel was reduced by ﬁrst order decay.
When the air parcel is transported across the measurement
level its remaining concentration is recorded. The ﬂux-to-
emission (F/E) ratio is then obtained as the ratio of the sum
of recorded crossings weighted by their remaining concen-
trations to the sum of releases multiplied by the initial con-
centration.
In the study by Rinne et al. (2007) a signiﬁcant ﬂux re-
duction was observed already at Damk¨ ohler number around
0.1. However, in that study the results were presented for a
speciﬁc canopy height, canopy density and friction velocity.
Also only neutral stratiﬁcation was considered. Our aim is to
generalize the earlier paper by presenting the results in nor-
malized forms, and to expand it by studying the sensitivity
of the chemical ﬂux degradation on atmospheric conditions,
stability and friction velocity, and site speciﬁc parameters,
canopy density, depth and structure.
2 Theory and modeling
In ideal conditions when all the assumptions made during
the derivation of the ﬂux equation from the scalar conserva-
tion equation are valid, the ﬂux we are measuring (F) equals
the surface exchange (E) we are interested in. In this case
the ratio of ﬂux to surface exchange, i.e. F/E ratio, equals
to unity. Chemical transformations are but one process devi-
ating the F/E ratio from unity, others being e.g. advection
and storage change. In the case of chemical degradation of
e.g. VOCs emitted from surface, the F/E ratio becomes less
than unity, whereas in the case of e.g. ozone deposition and
simultaneous chemical destruction below ﬂux measurement
leveltheF/E ratiocanbeaboveunity.Belowwedescribethe
application of a stochastic Lagrangian transport model with
chemistry described as ﬁrst-order-decay to determination of
F/E ratios for reactive gas emissions. The methodology ap-
plies to those atmospheric compounds whose lifetimes can
be described by simple ﬁrst order differential equation.
2.1 Chemical lifetime and turbulent mixing timescale
The change of the concentration of a compound X in La-
grangian framework and in absence of source terms can be
written for a ﬁrst order reaction as
D[X]
Dt
=
X
i
kX,i [X][Ri] (1)
where [Ri] is the concentration of an oxidant, [X] is the
concentration of compound X, and kX,i is the reaction rate
constant between the oxidant and the compound in question.
This can be solved to yield
[X] = [X]0exp(−t/τc) (2)
where [X]0 is the concentration in the beginning and τc is the
chemical life time of the compound X, which can be written
as
τc =
X
ki[Ri]
−1
. (3)
In the case of VOCs this can be written as
τc =
 
kX,OH[OH]+kX,O3 [O3]+kX,NO3 [NO3]+kX,photolysis
−1 (4)
where OH is hydroxyl radical, O3 ozone, and NO3 nitrate
radical. We have also included the photolysis rate of the com-
pound, kX,photolysis.
The ratio of the mixing timescale to the chemical
timescale, i.e. Damk¨ ohler number, can be written as
Da =
τt
τc
(5)
where τt is the mixing timescale (Damk¨ ohler, 1940). In the
case of a Damk¨ ohler number well below unity, the chemi-
cal timescale is much longer than the mixing timescale and
the ﬂux at the measurement height corresponds to the emis-
sion. If the Damk¨ ohler number is above unity the chemical
timescale is shorter than the mixing timescale and the ﬂux at
measurement height will be lower than the primary emission.
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The mixing time-scale can be roughly estimated as
τt =
z
u∗
(6)
where z is the measurement height and u∗ is the friction ve-
locity (e.g. Rinne et al., 2000). While the Damk¨ ohler number
as described by Eqs. (5) and (6) is useful as a practical met-
ric it may not be suitable for dense canopies, as above canopy
friction velocity is not a proper scaling parameter for below
canopy turbulence and as the chemical lifetime in such envi-
ronments can have strong vertical gradients.
2.2 Stochastic Lagrangian Transport Chemistry model
Stochastic Lagrangian transport models describe the move-
ment of air parcels in the surface layer. In these, the move-
ment is divided to two parts. First, the deterministic part de-
pends on the mean wind proﬁle and is typically purely hori-
zontal. The second part of the movement represents the tur-
bulent motion and is described as random step, which can
have both horizontal and vertical components. The statis-
tics of these random movements depend on the proﬁle of
turbulence statistics. Wind and turbulence statistic proﬁles
are pre-described and can be taken from a canopy – surface
layer model (e.g. Massman and Weill, 1999) or from mea-
surements. While Massman and Weill (1999) model repro-
duces the above canopy proﬁles reasonably well, it predicts
standard deviation of vertical velocity inside the canopy to
be constant, which is not supported by measurements inside
forest canopies (Rannik et al., 2003). Also the basal layer
may not be well represented in the model. However, only few
datasets consisting of turbulence statistics at sufﬁcient ver-
tical resolution both inside and above forest canopies exist,
and one typically uses modeled wind and turbulence proﬁles.
In this study, in order to predict ﬂuxes of gaseous tracers,
a large number (50000) of Lagrangian stochastic air parcels
(or particles) were dispersed forward in time according to
Thomson’s (1987) 3-D diffusion model. The vertical pro-
ﬁles of the ﬁrst and the second order variables characteriz-
ing the stationary ﬂow-ﬁelds inside the vegetation canopy
were determined with the 1D model of Massman and Weil
(1999). The atmospheric stability was accounted for by uni-
versal stability functions of second order ﬂow statistics, wind
speed and dissipation rate within the atmospheric surface
layer (ASL). The used stochastic Lagrangian transport chem-
istry (SLTC) model described the chemical degradation as
ﬁrst order decay. A detailed description of the stability func-
tions together with their parameter values are given in Ran-
nik et al. (2001). The vertical leaf area distribution (LAD)
used to constrain the Massman (1997) model was deﬁned
by a normalized beta-distribution in a manner presented in
Markkanen et al. (2003).
LAD(zn) =
zα−1
n (1−zn)β−1
R 1
0 zα−1
n (1−zn)β−1dzn
(7)
Table 1. Canopy parameters for pine and spruce.
Pine Spruce
Parameter α of beta distribution 10 2
of leaf area distribution (LAD)
Displacement height (d/h) 0.78 0.5
Roughness length (z/h) 0.97 0.16
where zn is the height normalized with canopy height (zn =
z/h).Inthisstudytheparameterβ wassettoaconstantvalue
of 3 while α was varied in order to describe various canopy
shapes. The lower the α is, the closer to forest ﬂoor is the
peak of the LAD located at (Markkanen et al., 2003). In the
most of simulations presented this study the LAI and α were
set equal to those used in Rannik et al. (2003) having val-
ues 3.5m2 m−2 and 10, respectively. The resulting canopy
shape and density thus closely resemble those of a middle-
aged Scots pine canopy in Southern Finland. The LAI was
varied from 1.75m2 m−2 to 7.0m2 m−2 for simulations used
to study the effect of canopy density on F/E ratios. In or-
der to simulate spruce forest canopy the LAI was set to
3.5m2 m−2 and α to 2. The normalised displacement heights
and roughness lengths predicted by the model of Massman
(1997) in both LAD cases are given in Table 1. Like all the
variables with dimension of length, these are also normalised
by canopy height.
In both cases two tracer source heights were considered;
forest ﬂoor, i.e. 0.005 times the canopy height (h) and 0.8
times canopy height (h). This is close to displacement height
of 0.78×h predicted by the Massman (1997) model in the
“Scots pine” case. Simulated particles are perfectly reﬂected
at the forest ﬂoor.
In the case of inert tracer a dispersing particle contributes
to the ﬂux at a horizontal level each time it crosses the level.
The ﬂux F at a horizontal level of interest (zm) at a location
(x,y) is given by
F (x,y,zm) =
1
N
N X
i=1
ni X
j=1
wij 
wij

E
 
x −Xij,y −Yij,zs

(8)
where N is the number of particles released in the model,
ni stands for number of interceptions of the particle with the
observation level zm wij, Xij and Yij denote the vertical ve-
locity and the coordinates of particle i at the intersection mo-
ment, respectively and E is the emission source as a function
of location, (see e.g. Vesala et al., 2008; Rannik et al., 2012).
Integrationoftherighthandsideofthisequationhorizontally
to inﬁnity yields the total emission In practice, in the simu-
lations, the parcels are followed for so long, that the surface
layer ﬂux of inert tracer at the observation level reaches 95%
of the emission or more. Here it is assumed that the parcels
leaving the surface layer do not return there, which does not
hold for instance under a convective situation, that is gov-
erned by large coherent up and down dwelling structures.
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Fig. 1. Example of cumulative ﬂux footprints for inert and reac-
tive gases as calculated by the SLTC-model for height of 1.5 times
the canopy height. The cumulative footprint of the inert compound
(Da=0) approaches unity while the others are affected by the chem-
ical degradation.
In order to estimate the effect of the chemical degradation
on the ﬂuxes we give each air parcel in the model an initial
concentration value φ =1 at the time of release. This concen-
tration is then decreased at each time-step as
φk = φk−1exp
 
−1t

τc

(9)
where φk is the concentration at the time step k, φk−1 the
concentration in the previous time step, and 1t is the length
of the time step. We also consider the emission source to be
horizontally homogenous, E(zs), depending only on height,
zs. The ﬂux of a reactive compound at a height zm is thus
given by
F (zm) =
1
N
N X
i=1
ni X
j=1
wij 
wij

φ
 
Rij

E(zs) (10)
where Rij denotes the path the air parcel has traveled before
interception. Integration horizontally to inﬁnity does yield
values lower than unity, depending on the chemical lifetime
and travel time and path of air parcels. Normalization of the
Eq. (10) by dividing with source strength yields an expres-
sion to calculate the F/E ratio with our model.
A cumulative footprint function for inert compound and
for compounds with different chemical lifetimes is presented
in Fig. 1. From this ﬁgure one can see how the cumulative
footprint of the inert compound approaches unity while those
for reactive compounds do not. The asymptotic value of the
cumulativefootprintisthustheratiooftheﬂuxtotheprimary
emission.
As the parameters in the model are represented in unitless
normalized form, the chemical lifetime is also presented in
the model as
τN
c =
u∗τc
h
(11)
which is the inverse of the Damk¨ ohler number calculated at
the height of the canopy top, h. Thus we introduce canopy-
top Damk¨ ohler number as
Dah =
1
τN
c
=
h
u∗τc
. (12)
Damk¨ ohler number for a speciﬁc measurement height can
obtained be from this by
Da = znDah (13)
where zn is the measurement height normalized with canopy
height (zn = z/h).
3 Measurements of oxidants during HUMPPA –
COPEC – 2010
The measurements of oxidants used to calculate the chemi-
cal lifetimes of VOCs were conducted at SMEAR II research
stationinHyyti¨ al¨ a,FinlandaspartoftheHUMPPA-COPEC-
2010 measurement campaign. A detailed description of
the measurement campaign has been given by Williams et
al. (2011) while the measurement station has been described
by Hari and Kulmala (2005). Below we give a short descrip-
tion of the measurements utilized in this study.
3.1 Hydroxyl radical concentration
Our measurement of hydroxyl radical (OH) relies on the de-
tection of isotopically labeled sulfuric acid with the Chem-
ical Ionization Mass Spectrometer (CIMS) This technique
is discussed by Eisele and Tanner (1991, 1993), Tanner et
al. (1997), and Pet¨ aj¨ a et al. (2009) in more detail. An impor-
tant note on the method that needs to be kept in mind is that
we do not measure OH directly, but only infer the ambient
OH concentration looking into how much of the isotopically
labeled 34SO2 is converted to isotopically labeled sulfuric
acid with a constant reaction time. During the HUMPPA-
COPEC campaign (Williams et al. 2011) we compared the
CIMS method with a Laser induced ﬂuorescence (LiF) de-
tection of OH (Faloona et al. 2004) and the agreement was
excellent, with a slope of 1.05 based on side-by-side mea-
surements (H. Harder, personal communication, 2011).
3.2 Nitrate radical concentration
Nitrate radical (NO3) was measured at night by cavity-ring-
down spectroscopy using the setup described in Crowley et
al. (2010). Typically, measurements were commenced 1–2h
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Fig. 2. Flux-to-surface-exchange (F/E) ratio proﬁles. The source height, represented by the solid black line, is at the ground level in Panels
(A)–(C) and at the displacement height in Panels (D)–(F). In Panels (B) and (E) the vertical proﬁle of oxidation rate is constant. In Panels
(A) and (D) the oxidation rate below the displacement height is four times faster than above that. In Panels (C) and (F) the oxidation rate
below displacement height is one-fourth of that above displacement height. The canopy-top Damk¨ ohler refers to the above canopy chemical
lifetime in all Panels. The dashed black line represents the foliage distribution.
before sunset, around 23:00LT, and stopped 1h after sun-
rise, around 04:00LT. The two-channel instrument, which
sampled NO3 and the sum of NO3 plus N2O5 was located
at the top of a ∼20m tower, i.e. approximately at canopy
height. The horizontal distance to the nearest tree-top was
about 10 meters. The accuracy of the measurements, con-
sidering errors in the cross sections of NO3, inlet and ﬁl-
ter losses of NO3 and variability in the zero measurements,
was about 20%, with a limit of detection of about 1pptv
(2×107 moleculecm−3). During the entire campaign both
NO3 and N2O5 were below the detection limit. The low NO3
mixing ratios were a result of a low NO3 production term,
average nighttime NO2 and O3 being about 350pptv and
40ppbv, respectively, resulting in an average NO3 produc-
tion rate of 1×10−2 pptvs−1. The average loss rate for NO3
due to reaction with α-pinene, β-pinene and 3-carene was
about 0.03s−1 with approximate maximum and minimum
values on individual nights of 0.07s−1 and 0.01s−1, respec-
tively. When combined with the lowest nighttime reactivity
(1×102 s−1) this results in a steady state NO3 mixing ratio of
1 pptv only.
3.3 Ozone concentration
Ozone (O3) was measured during HUMPPA COPEC-2010
campaign from the 73m mast of the SMEAR II at different
heights. For characteristic values, mean values of 30 min av-
erages at 16.8m height were used in the study. The O3 mix-
ingratiowasdeterminedusingaThermoEnvironmentmodel
TEI-49 instrument relying on ultra-violet absorption.
4 Results and discussion
4.1 Oxidation proﬁle and emission height
Figure 2 represents ﬂux-to-surface-exchange ratio (F/E)
proﬁles in hydrostatically neutral stratiﬁcation, for canopy
density and shape representing a typical Scots pine forest.
In middle panels (b and e) the chemical lifetime is verti-
cally constant representing a constant proﬁle of oxidation
rate while the left side panels (a and d) represent the case
where the oxidation rate below canopy is four times faster
than above the canopy. This could be due to e.g. higher NO3
concentrations in the shaded canopy environment (Forkel et
al., 2006). In the right side panels (c and f) the chemical
lifetime below the displacement height is four times longer,
corresponding e.g. to a case where the OH level in shaded
below-canopy environment is lower than above canopy. This
type of OH proﬁle was also experimentally observed.
The vertical proﬁle of the chemical lifetime shows the ex-
pected inﬂuence on the F/E proﬁle in the cases with source
height at ground level (Fig. 2, panels a–c), but also affects
the above canopy F/E proﬁles of the cases with source at
the displacement height (Fig. 2, panels d–f). Because part of
the trajectories, starting from the canopy, move below source
height before being transported upwards, they are inﬂuenced
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Fig. 3. Effect of canopy density on ﬂux-to-surface-exchange (F/E) ratio. The source height, represented by the solid black line, is at the
ground level in Panels (A)–(C) and at the displacement height in Panels (D)–(F). In Panels (B) and (E) the canopy density corresponds to
that in SMEAR II and used also in Fig. 2. In Panels (A) and (D) the canopy density in half of that in Panels (B) and (E), and in Panels (C)
and (F) the canopy density is double of that in Panels (B) and (E). The canopy-top Damk¨ ohler refers to the above canopy chemical lifetime
in all Panels. The dashed black line represents the foliage distribution.
by the oxidant levels also below the source level. In panels
d–f we can observe negative F/E values for chemically re-
active cases below the source height, due to the downward
ﬂuxes caused by the chemical sink. In the end the oxida-
tion rates below source level do have an effect on the above
canopy ﬂuxes as the air parcels, which have traveled below
source level prior to crossing the observation level above the
canopy, have been exposed to the oxidant level below the
source level.
The F/E proﬁles obtained (Fig. 2) are similar as the ones
presented earlier by Rinne et al. (2007). However, whereas
they presented their results for a speciﬁc friction velocity and
canopy height we present them in normalized, dimensionless
forms as calculated by the SLTC model and show the chem-
ical lifetime as Damk¨ ohler number at the canopy-top (Dah),
as given by Eq. (12). Heights above the surface are relative
to the canopy height. This will enable a wider utilization of
these results. As the model scales linearly with the friction
velocity, one can obtain chemical lifetimes using Eq. (12).
If, for example, we consider a compound with chemical a
lifetime of 30 minutes emitted from the forest canopy with
a height of 18m and the friction velocity is 0.5ms−1, the
canopy-top Damk¨ ohler number is 0.02. If the ﬂux measure-
ment height is 22m the corresponding Damk¨ ohler number is
0.024. From Figure 2 we can observe that the ﬂuxes above
canopy are signiﬁcantly reduced already at Damk¨ ohler num-
bers well below unity. For example in the case of vertically
constant chemical lifetime and source at the displacement
height (panel e) the ﬂux at the measurement height of 1.5
times the canopy height (h) is reduced by 12% at Damk¨ ohler
number, calculated for z = 1.5×h, of 0.026, and 38% at
Damk¨ ohler number of 0.14. One reason for this is the deﬁni-
tion of mixing time scale (Eq. 6) we used in the Damk¨ ohler
number. The transport times inside the canopy are not well
characterized by this formulation. The mixing time-scale cal-
culated with this formula for measurement height of 22.5m
(zm = 1.5xh, h = 15m) and u∗ = 1ms−1 is 22.5s. We can
also calculate average transport times using our model by
registering the time difference from release of air-parcel to
the crossings of observation level, and averaging these. This
approach yields transport time for air parcels originating
from the canopy (zm = 1.5×h, h = 15m, u∗ = 1ms−1) of
42s in the case only the ﬁrst crossing was considered and
310 s when all crossings were taken into account. Alterna-
tively we can invert the Eq. (9) and calculate the effective
transport time from the F/E ratios for constant oxidant pro-
ﬁles (Fig. 3). This approach gives effective transport times
for parcels originating from canopy between 57s and 150s
depending on the reactivity. The shortest effective transport
times are obtained using the case with highest Dah. The dif-
ferences in the transport times given by different methods
can be explained by the implicitly different deﬁnitions for
the transport time. The effective transport time calculated
by inverted Eq. (9) weighs subsequent crossings differently
depending on the reactivity. The shorter the lifetime, more
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Fig. 4. The ﬂux-to-surface-exchange (F/E) ratio proﬁles calculated
using foliage distribution (dashed black line) typical for spruce for-
est. The vertical proﬁle of oxidation rate is constant and the source
is either at the ground level (Panel A) or at the height corresponding
to the displacement height of the Scots pine forest.
weighttheﬁrstcrossinggetscomparedtothelaterones,lead-
ing to shorter effective transport time.
4.2 Canopy density and structure
The canopy can increase the chemical loss by hindering
transport and thus prolonging the transport time, in addition
to affecting the lifetimes of VOCs by inﬂuencing the con-
centrations of oxidants. Keeping the vertical oxidation pro-
ﬁle constant we investigated the effect of (i) halving or dou-
bling canopy density of a Scots pine type forest at SMEAR II
(Fig. 3) and (ii) changing the canopy shape from Scots pine
to spruce (Fig. 4) The canopy density exerts the expected
inﬂuence on the F/E proﬁles in the case with the source
at the ground level. The increase in the canopy density re-
duces the turbulence below the canopy and thus the transport
time from the ground source to above canopy levels increase.
This leads to increased ﬂux degradation above the canopy, as
there is more time for oxidation. Interestingly, the F/E pro-
ﬁle in the case with the source at the displacement height
seems to be rather insensitive to the canopy density. Obvi-
ously the increase in the canopy density reduces the transport
downwards from the source level as well as upwards trans-
port.Thusitseemsthatthesetwoeffectscounterbalanceeach
other and the net effect of canopy density to the F/E proﬁles
when the source is at the displacement height is minimal. We
must remind here that in this modeling exercise the oxidant
proﬁles were kept constant in spite of changes in canopy den-
sity. I reality the increase in canopy density would be likely
to reduce the below canopy levels of OH and ozone though
shading and providing more surface to deposition. Thus in-
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tio at the height where measurement height (z) ratio to the canopy
height (h) is 1.5. On x-axis is the inverse of the Obukhov length
(L) normalized with canopy height (h) and on y-axis is the canopy-
top Damk¨ ohler number. The numbers on curves refer to ﬂux-to-
emission ratios.
creased canopy density may even increase the above-canopy
F/E ratio for reactive compounds emitted from the canopy.
The F/E proﬁles for spruce forest (Fig. 4) are quite simi-
lar than for the canopy structure of pine forest (Fig. 3, panel
b and e) However, as we choose to have the canopy source
at the same height as in the case for Scots pine to ease the
comparison between these two, this emission height may be
somewhat artiﬁcial as for spruce most of the needle biomass
is at lower height.
By using the F/E proﬁles shown in Fig. 2, 3 and 4 we
can assess the importance of below canopy chemical pro-
cessing to the above canopy one. The degradation below and
within canopy is given by 1−F/E(h) whereas the degrada-
tion between canopy top and measurement height is given
as F/E(h)−F/E(zm). If we set the measurement height to
1.5×h, which is a typical ﬂux measurement height, we see
that from 50% up to over 90% of the chemical degradation
occurs within and below canopy. Even when the source is
within the canopy 50% to well over 80% of the degradation
can occur within and below canopy.
4.3 Hydrostatic stability
All the results discussed above are calculated for hydrostati-
cally neutral stratiﬁcation. In Fig. 5 the effect of stratiﬁcation
on the F/E values at the height of 1.5h is represented. The
stability is presented as Obukhov length
L = −
u∗3θv
κg

w0θ0
v

s
(14)
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where θv is virtual potential temperature, κ is von K´ arm´ an
constant, and subscript s refers to surface value (Obukhov,
1971), normalized with canopy height (h/L). The stability
range in the ﬁgure (−0.25 < h/L < 0.25) ranges from mod-
erately unstable to moderately stable, as an example for
canopy height of 15m from L = −60m to L = 60m. Not
surprisingly, the normalized ﬂuxes for a given normalized
chemical lifetimes are lower in the stable than in the unsta-
ble stratiﬁcation. However, the direct effect of the stability
is small compared to that of Dah, i.e. friction velocity and
chemical lifetime. If, for example we consider a compound
with chemical lifetime corresponding to top-of-the-canopy
Damk¨ ohler number of 0.1 we ﬁnd that the ﬂux is reduced by
38%inneutralcase,32%whenh/L = −0.25(forh = 15m,
L = −60)and45%whenh/L = 0.25,whenallotherparam-
eters, including friction velocity are kept constant. We can
see from Eq. (14) that this implies that only buoyancy ﬂux is
varying in this case. However, as in reality stability exerts a
strong control on the turbulence, it has an indirect effect on
the ﬂux proﬁles via the friction velocity.
One must note that in reality, especially in dense canopies,
the stability below the canopy can be the opposite to the sta-
bility above the canopy. This can greatly modify the transport
times inside tha canopy and can have a strong effect espe-
cially on the F/E ratios of those compounds emitted from
forest ﬂoor.
If we neglect the direct effect of stability, to a ﬁrst approx-
imation, we can draw a relation between ﬂux degradation at
certain height, friction velocity, and chemical lifetime of a
compound. In Fig. 6 is an example for such a relation for
source of reactive compound in the canopy and constant ox-
idation rate proﬁle. The x-axis shows the top-of-the-canopy
Damk¨ ohler number, function of friction velocity and chemi-
cal lifetime, and the y-axis the height normalized by dividing
with the canopy height. The isolines indicate F/E values de-
termined from proﬁles shown in Fig. 2, panel e by interpola-
tion. We have derived these for normalized chemical lifetime
ranges we have the original SLTC runs for and for all the pine
canopy densities and oxidation rate proﬁles (Supplementary
material).
4.4 Case study: BVOC ﬂuxes and
HUMPPA-COPEC-2010 oxidant measurements
Using the data used to generate Fig. 6 as a lookup table we
can assess the importance of the chemical degradation in dif-
ferent conditions. As an example we chose three compounds
typically emitted by boreal forests. First one is isoprene,
the globally dominant biogenic volatile organic compound
(Guenther et al., 1995); the second is α-pinene, the dominant
monoterpene in the ecosystem scale emission from Scots
pine forests such as Hyyti¨ al¨ a (Rinne et al., 2000; R¨ ais¨ anen
et al., 2009). These two have typical daytime atmospheric
lifetimes of about half an hour in summertime conditions in
Hyyti¨ al¨ a. The third compound is β-caryophyllene, a typical
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Fig. 6. Flux-to-surface-exchange (F/E) ratio as a function of
canopy-top Damk¨ ohler number and ratio of measurement height (z)
to the canopy height (h). This is a visualization of the look-up table
(Supplementary material).
sesquiterpene compound emitted by pine trees (e.g. Hakola
et al., 2006). It is more reactive than isoprene or α-pinene
with a daytime lifetime in summertime Hyyti¨ al¨ a conditions
below two minutes. By using typical diurnal cycles of the
three oxidants and friction velocity (Fig. 7) and their reac-
tion rate constants (Table 2) we can calculate the diurnal
cycle of each compounds lifetime (Eq. 4). The diurnal cy-
cles of friction velocity, ozone and hydroxyl radical con-
centrations are hourly medians measured during HUMPPA-
COPEC-2010 campaign (Williams et al., 2011) conducted
in SMEAR II research station (Hari and Kulmala, 2005) in
July-August 2010, as described above. The effect of stability
was ignored for simplicity. During the HUMPPA-COPEC-
2010thedaytimemedianh/L = −0.1andnighttimemedian
h/L=0.25.Alsonitrateradicalconcentrationsweremeasured;
however, since they were below detection limit we used cal-
culated value of 2.5×107 molecules cm−3 (1 pptv) at night
(22:00–04:00) and zero during daytime.
The relative importance of the three oxidants in the chem-
ical degradation on the three VOCs at hand can be seen in
Table 3, in which we present oxidative capacities, R, of the
three oxidants against VOCs. The oxidative capacities are
calculated as
RX
ox = kX,ox[ox] (15)
where sub- and superscript X refers to VOC (in this case iso-
prene, α-pinene or βcaryophyllene), ox to oxidant (ozone,
hydroxyl radical, or nitrate radical), and [ox] is the oxidant
concentration. No oxidant has an overwhelming importance
on the oxidation of all the three VOCs. Instead their relative
importance varies case to case. Two striking results emerge
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Table 2. Reaction coefﬁcients of isoprene, α-pinene and β-caryophyllene against OH, O3 and NO3. Reaction coefﬁcients for isoprene and
α-pinene from Atkinson (1994) and those for β-caryophyllene from Shu and Atkinson (1995).
OHcm3 molecule−1 s−1 O3 cm3 molecule−1 s−1 NO3 cm3 molecule−1 s−1
isoprene 10.1×10−11 1.28×10−17 6.78×10−13
α−pinene 5.37×10−11 8.66×10−17 6.16×10−12
β−caryophyllene 2.00×10−10 1.16×10−14 1.90×10−11
Table 3. Oxidative capacities of OH, O3 and NO3 to isoprene, α-pinene, and β-caryophyllene. 1% is the proportion to the uncertainty to the
total oxidative capacity of given VOC.
Day
ROH, s−1 1 % RO3, s−1 1% RNO3, s−1 1% RTotal
Isoprene 1.1±0.4×10−4 36 1.21±0.03×10−5 0.3 0 – 1.2±0.4×10−4
α-pinene 6±2×10−5 17 8.2±0.2×10−5 2 0 – 1.4±0.2×10−4
β-caryophyllene 2.2±0.9×10−4 0.8 1.10±0.03×10−2 3 0 – 1.1±0.3×10−2
Night
Isoprene 3±1×10−5 21 9.9±0.3×10−6 0.6 1.7±1.7×10−5 30 7±2×10−5
α-pinene 1.5±0.6×10−5 2 6.7±0.2×10−5 0.9 1.7±1.7×10−4 67 2.5±1.6×10−4
β-caryophyllene 6±2×10−5 0.2 9.0±0.3×10−3 3 5±5×10−4 5 9.5±0.6×10−3
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Fig. 7. Typical diurnal cycles of friction velocity, OH, O3, and
NO3, as derived from measurements during HUMPPA-COPEC-
2010 campaign.
from the table. First, even at these low calculated nighttime
NO3 levels the nitrate radical dominates the α-pinene oxida-
tion at night. Second, the low observed levels of OH at night
are still sufﬁcient to account for a half of nighttime isoprene
oxidation. Also presented in the Table 3 are the estimated
uncertainties of oxidative capacities due to the uncertain-
ties of oxidant measurements (1O3 = 1ppb, 1OH=40%,
1NO3 = 1ppt). We can see from the Table 3 that largest un-
certainties arise from the uncertainties of OH in the case of
daytime isoprene oxidation and NO3 in the case of nighttime
α-pinene oxidation
In order to use the look-up table (see Supplement) we cal-
culated the diurnal cycle of the canopy-top Damk¨ ohler num-
ber (Dah) for each VOC by using the diurnal cycle of their
chemical lifetime (Eq. 4), the diurnal cycle of the friction ve-
locity, and Eq. (11). The canopy height was set to 18m. The
ﬂux-to-emission ratio was then retrieved from the look-up
table for VOC ﬂux measurement height used in SMEAR II
(22m=1.2×h).
The resulting ﬂux to emission ratios, for both source in
the ground (upper panel) and in the canopy (lower panel) are
shown in Fig. 8. One can see that the F/E ratio of isoprene
is close to unity throughout the diurnal cycle for both source
heights, implying that the ﬂuxes above the canopy closely
correspond to the emission. Furthermore, there is very lit-
tle diurnal cycle in the F/E ratio and thus the functional
relations between the emission and environmental param-
eters will be reﬂected to the ﬂuxes. The F/E ratio of α-
pinene is close to unity during daytime, but falls to values
below 0.9 during night. This affects the total daily emis-
sion only a little, especially as the emission during nighttime
are smaller than during the daytime. However, the chemi-
cal degradation can have an effect on functional relations be-
tween monoterpene emission and environmental parameters,
derivedusingabovecanopyﬂuxes.Thisisduetotheenviron-
mental parameters affecting the terpenoid emission, such as
temperature and light, having similar diurnal cycles than the
ﬂux-to-emission ratio. In order to investigate the effect, we
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of isoprene, α-pinene and β-caryophyllene for conditions during
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calculated the a α-pineneemissionsusingmediandiurnalcy-
cleoftemperaturesobservedduringHUMPPA-COPECcam-
paign with emission algorithm by Guenther et al. (1993)
E = E30exp
 
β
 
T −30◦C

(16)
where E30 is the emission standardized to 30 ◦C temperature,
β is the temperature sensitivity of the emission, and T is the
temperature. For temperature sensitivity of monoterpenes we
used value of β = 0.09 ◦C−1. After emission calculated for
each hour was multiplied by corresponding F/E ratio we ﬁt-
ted the temperature against ﬂux obtained to yield the β value
for the ﬂux. The temperature dependence obtained from the
ﬂuxes was β = 0.098 ◦C−1 and β = 0.100◦C−1 for canopy
and ground source, respectively. Thus a slightly steeper tem-
perature dependence of ﬂuxes than that of primary emission
is observed
The chemical degradation affects the ﬂuxes of β-
caryophyllene even more as its F/E ratio is below 0.4 for
ground source and about 0.5 for canopy source during the
daytime and falls below 0.2 for groud source and below 0.4
for canopy source during night. Thus the emission of this
highly reactive compound is seriously underestimated by the
above canopy ﬂuxes. If we use Eq. (16) with β = 0.18 ◦C−1
(Hakola et al., 2006) to calculate the surface emission of
β-caryophyllene, the temperature dependence of ﬂuxes be-
comes β = 0.19 ◦C−1 and β = 0.20 ◦C−1 for canopy and
ground source, respectively. As the current development in
online mass spectrometry enables the ﬂux measurements of
the highly reactive sesquiterpenes (M¨ uller et al., 2010; Ru-
uskanen et al., 2011) it is of great importance to better un-
derstand the processes linking the measured above canopy
ﬂuxes to the primary emission of reactive compounds.
5 Conclusions
We have used a stochastic Lagrangian transport model with
simpliﬁed chemical degradation to estimate the effect of
chemistry on ratio of the above canopy ﬂuxes and primary
emission. The ﬂux degradation was mostly dependent on the
chemical lifetime of the compound and on the friction veloc-
ity as the Damk¨ ohler number depends on these parameters.
Stability as given by the Obukhov-length had a smaller direct
effect but it affects the ﬂux-to-surface-exchange (F/E) ratio
also via its effect on turbulence intensity. The degradation
was stronger for emission from the ground level than from
the emission from the canopy, due to longer time required
for transport to the above canopy atmosphere.
The oxidant proﬁle had a signiﬁcant effect on the F/E ra-
tio. In the case with higher oxidation rate below canopy the
ﬂuxes were degraded more than in the case with constant ox-
idation rate. This was case also when the reactive compound
was emitted from the canopy. As 50% or more of the ﬂux
degradation occurs below the canopy, the better characteri-
zation of the below-canopy turbulent transport and oxidant
proﬁles is essential for understanding the ﬂuxes of reactive
compounds. The canopy density had a signiﬁcant effect only
when the emission occurred in the ground level.
We used the results from simulations to create a look-
up table relating the chemical lifetime of a compound, fric-
tion velocity and the resulting ﬂux to emission ratio. This
look-up table was used with turbulence and oxidant data
measured during HUMPPA-COPEC-2010 ﬁeld campaign to
estimate the effect of chemical degradation on the ﬂuxes
of three biogenic hydrocarbons, isoprene, α-pinene, and β-
caryophyllene. For isoprene the effect of the chemical degra-
dation on ﬂux to emission ratio was a minor one. The ﬂux
to emission ratio of α-pinene was moderately affected while
for β-caryophyllene the chemical degradation had a major
effect. Furthermore, if the daily cycle of ﬂux-to-emission ra-
tio is not taken into account it may distort the interpreted de-
pendencies of emission on environmental parameters. As the
diurnal cycle of the ﬂux-to-emission ratio follows the course
of diurnal cycles of e.g. solar radiation and air temperature,
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interpretingﬂuxdirectlyasemissioncanleadtoartiﬁcialcor-
relations between emission and these environmental param-
eters.
There are uncertainties of the various parts of the ap-
proach. Many of these have to do with the below-canopy
atmosphere. First the below canopy turbulent ﬂow is not
well characterized as shown by reported discrepancies be-
tween observations and models. Also the basal layer, as the
soil emissions must traverse it, should be better character-
ized. While ozone concentration proﬁles within and below
manyplantcanopieshavebeenmeasured,theproﬁlesoreven
above and below canopy concentrations of hydroxyl and ni-
trate radical are often lacking. Furthermore the so-called seg-
regation effect, which can affect the calculated chemical life
times, is hardly well known. These all call for further studies
of the interactions between chemistry and turbulent transport
above and within plant canopies.
Supplementary material related to this article is
available online at: http://www.atmos-chem-phys.net/12/
4843/2012/acp-12-4843-2012-supplement.zip.
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